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Current interest in the development of thermally 
stable polymers is spurred by the demand for high temp­
erature materials for high-speed aircraft, rockets, and 
industrial uses. Attempts are being made to combine the 
desirable mechanical properties of organic polymers with 
the stability characteristics of inorganic compounds by 
the development of polymers which are organic-inorganic 
in nature. Incorporation of metal constituents in poly­
mers is being achieved by the use of multidentate chelating 
ligands, inclusion of metal ions during polymer formation, 
stabilization of preformed polymers through coordination 
with metal ions, and by polymerization of stable monomeric 
metal-containing compounds. Although stability has been 
achieved in some instances, a balance between thermal 
stability and good mechanical properties has not been 
realized.
In this study an attempt has been made to syn­
thesize four unsaturated |3-diketones which might be capable 
of forming thermally stable polymers; these were acroylacetone, 
methacroylacetone, acroylacetophenone, and methacroylaceto- 
phenone. In addition to the possibility of forming thermally 
stable polymers, the diketones might possess possible 
analytical value as spot test reagants or exchange media.
Successful preparation of the polymerizable 
diketone methacroylacetone was attained. The homopolymer 
and copolymers of the diketone with styrene and divinyl
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benzene were found to decompose at about the same temper­
ature, as was the case with metal chelates of the polymers. 
The decomposition characteristics of the polymers and 
chelates indicated that the instability was inherent in 
the diketone addenda and not in the polymer backbone 
itself. Heat stability of the polymers was found to be 
low to moderate.
Attempts to form thermally stable copolymers 
of the copper chelate of the monomeric ligand with styrene 
and methyl methacrylate under various conditions were 
unsuccessful.
As an analytical reagent the monomeric diketone 
was found to be capable of detecting microgram quantities 
of several cations. Exchange properties of the homopoly- 
mer were found to be insufficient for use as an exchange 
medium.
The possibility of cis-trans isomerism of the 
copper chelate of monomeric methacroylacetone was strongly 
suggested by a difference in melting point and x-ray dif­
fraction pattern of samples of the compound purified by 
recrystallization and by vacuum sublimation. Previous 
report of the isolation of geometric (cis-trans) isomers 
of metal fi-diketone chelates has not been made. Suggestions 
for further measurements to be made on the compound are 
listed.
The semi-crystallinity observed for polymeric 
methacroylacetone was explained on the basis of the 1,3-
viii
or symmetrical structure being favored by resonance 
stabilization and steric hindrance considerations, 
scheme was given for the thermal degradation of the 
polymers.
INTRODUCTION .
One of the fields of current intensive research 
is the development of polymers exhibiting high thermal 
stability and good mechanical properties(22, 4&). Such 
materials are in demand for use in high-speed aircraft and 
rockets and industrial applications. One line of endeavour 
in this respect has been in the development and investigation 
of polymers which are organic-inorganic in nature. The 
technology of purely organic polymers is well-known{1, 53) 
and it is now generally accepted that many inorganic com­
pounds exist in nature as three-dimensional polymeric 
networks(49). The desireable mechanical properties of 
carbon-based polymers is generally ascribed to the weak 
forces which exist between the polymer chains, as contrasted 
to the strong forces between carbon atoms in the polymer 
chain. The development of polymers which contain inorganic 
substituents as an integral part of the polymer backbone(7) 
or as stabilizing addenda on an organic chain of atoms(2) 
could be a means of combining the desireable mechanical 
properties of organic polymers and the stability features 
of inorganic compounds. Chelation of suitable functional 
groups with metal ions would afford one means of encasing 
an ion in an organic shell, so that the influence of_ the 
dipole arising from the metal-ligand bonds does not extend 
to neighboring chains and a similarity in mechanical 
properties to organic polymers might be expected(22).
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Incorporation of a metal ion into the polymer 
constitution can be accomplished by any of the following 
methods, at least theoretically(21, 22): (a) a suitable 
ligand containing a plurality of chelating groups can be 
coordinated with metal ions resulting in polymer formation,
(b) a polymer can be formed with simultaneous inclusion 
of metal ions, (c) a preformed polymer containing suitably 
located coordinating groups can be reacted with metal ions, 
or (d) a monomeric chelate which contains favorably situated 
functional groups can be polymerized through the use of 
these groups.
Examples of class (a) are many(16, 25, 26, 50) and 
have generally involved the use of bis-y8 -diketones, bis- 
dioximes and similar compounds, polymerization being accom­
plished through reaction of the bis-compound with a divalent, 
tetracoordinated metal ion, such as copper(II) or nickel(II). 
The metal is thus an integral unit in the polymer chain. The 
stability of the polymers thus obtained is generally greater 
—  than the uncoordinated bis-compound or the analgous mono­
meric compound, although these compounds have not found 
wide practical applicability.
The work of Marvel, Rassweiler and Martin(35, 36) 
is indicative of the type of polymer obtained via method (b). 
These authors co-condensed 3,3*»4,4*-tetracyanodiphenyl ether 
with phthalonitrile in the presence of copper-bronze to 
obtain low molecular weight polymers containing the 
recurring unit
3
An analgous cross-linked polymer was obtained by the homo­
condensation of* 3 ,3*,4,4*-tetracyanodiphenyl ether in the 
presence of copper-bronze. The polymer was insoluble in 
sulfuric acid, this fact being taken as indicating a high 
molecular weight compound. All of the polymers decomposed 
at 350°C. in twenty-four hours. The analgous monomeric 
copper phthalocyanine is stable to 560°C.
Reinforcement of existing linear polymers or 
cross-linking in a polymer chain can be achieved by method(c). 
Thus, Hoover and Miller(19) combined poly(ally1 acetoacetate), 
with a degree of polymerization of & to 10, and bis(methyl 
salicylate) beryllium or tris(methyl salicylate) aluminum, 
obtaining hard, clear films deposited from toluene-ethanol 
solution. Pentaaerithrityl tetraacetoacetate will form 
highly cross-linked structures when combined with metal 
ions(22). Marvel and co-workers(32, 37, 3$) found that the 
chelate polymers of Schiff bases of salicylaldehyde deriv­
atives with nickel, cobalt, and copper were all less stable
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than the monomeric zinc chelate. This technique is quite 
similar to method (a) and in many cases a distinction 
.between the two is a matter of personal judgement.
Method (d) has been suggested as possibly the most 
likely means of producing polymers of high molecular weight 
and as the most versatile method(22). The versatility of 
this method is clearly evidenced by the diversity of the 
monomeric materials subjected to polymerization techniques. 
Scott and Price(43) studied the copolymerization character­
istics of two vinyl silanes. Vinyltriethoxysilane or vinyl- 
trimethylsilane was copolymerized with styrene or acrylo- 
nitrile to yield polymers with softening points in the range 
110~lS7°C. Copolymers containing the smaller amounts of 
silicon were found to be more thermally stable. The same 
authors(44) copolymerized divinylsulfide with methyl meth­
acrylate or styrene, obtaining polymers softening in the 
range 104-190°C. and 77-l50°C., respectively. Such poly­
mers initially contained pendant vinyl groups which cross- 
linked on standing. Sulfur content of the more stable 
polymers was slight.
Better results were obtained by Nametkin, Topchiev, 
and Durgaryan(39) in the polymerization of dimethylphenyl- 
allylsilane and methylphenyldiallylsilane. Good thermal 
stability was noted, the polymers of the above compounds 
softening at 2S0-300°C. and about 400°C.J1 respectively.
Condensation polymers of low thermal stability 
from the reaction of monochelated aluminum chlorides or
5
isopropoxides with diols were obtained by Patterson et al(40). 
These polymers were of a low molecular weight and involved 




where R^ and are methyl (acetylacetonate) or R^ is methyl 
and is ethoxy (ethyl acetoacetate).
Ferrocene was the basis for two series of polymers. 
1, lT-ferrocene dicarboxylic. acid dichloride was condensed 
with diammines to produce polyamides containing the ferrocene 
entity in the polymer chain(23). The polymers (orange-yellow 
to brown powders) softened at about 225°C. with decomposition. 
Polyesters were also produced by co-condensation with 
ethylene glycol.
Arimoto and Haven(2) synthesized vinyl, amino, 
and other derivatives of ferrocene and achieved copolymer­
ization of the vinyl compound with methyl methacrylate, 
styrene, or chloroprene. The copolymers could be cast 
into clear, brittle films which softened in the range 
158-2S5°C.
Bailar(3) attempted the preparation of the poly- 
terephthalate and the polyurethane of the chelate
6
H0-CH2-CH2 - H
4 > C H = N  - CH0-CH -OH .2 2
The polymers were found to be thermally unstable.
Compounds of the type CH„ = C - C - CH0 - C - R’
* 2 l U 2 aR 0 0
might be capable of forming thermally stable polymers by
either method (c) or (d). A homo- or copolymer of such a 
ligand could be reacted with metal ions to produce a poly­
diketone chelate or conversely the polymerization of the 
monomeric metal chelate could be attempted. The thermal 
stability of the polymers obtained could theoretically be 
altered by variation of the groups R and Rf and by variation 
of the metal ion used in coordination. A /& -diketone of this 
form offers interesting possibilities from the standpoint of 
its potential use as an analytical reagent. Selectivity 
and sensitivity of such a compound when used as a spot test 
reagent could depend on the nature of the groups R and Rf.
On the basis of the volatile characteristics exhibited by 
the chelates of similar j8 -diketone chelates(55), the ligand 
might be useful as a means of separation and/or purification 
of certain elements(5, 41) . In addition, homo- and oopoly- 
mers of such compounds might display analytical value as 
spot test reagents or ion-exchange media. Polymers contain­
ing the carboxylic acid group are commonly used as ion- 
exchange resins(27, 42). Since the -diketone structure 
in the enol form acts as a weak acid, exchange properties 
should be possible.
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The use of a metal chelate of a tetracoordinated, 
divalent metal ion as a cross-linking agent in copolymer­
ization can be visualized. The utilization of a colored 
chelate, such as the blue copper(II) compounds, could 
impart a color to the copolymer, the color being integrally 
woven into the polymer chain. Incorporation of the metal 
ion into the polymer in this fashion could possibly give 
rise to polymers possessing high thermal stability.
The synthesis of unsaturated & -diketones where 
R is H or CH^ and R* is CH^ or has been attempted.
The usefulness of the monomer and polymers as analytical 
reagents has been evaluated by the usual techniques. 
Usefulness of the metal chelates as cross-linking agents 
and as thermally stabilizing influences on polymers has 
been investigated.
The objectives of this work were (1) to determine 
the effectiveness of such compounds in polymerization 
techniques with regard to producing polymers possessing 
thermal stability, (2) to characterize the monomers formed, 
and (3) to evaluate the usefulness of such /3 -diketones 
as analytical tools.
EXPERIMENTAL
1. Preparation of Methacroylacetone 
Monomeric methacroylacetone, 2-methyl-l-hexene- 
3,5-dione, -was prepared according to the usual procedure 
of ester-ketone condensation in the presence of a basic 
condensing agent(52), due precaution being taken to 
prevent polymerization of starting material and product.
To one mole (23 grams) of "molecular sodium” in 200 mis. 
anhydrous ether in a three-necked, one liter round bottom 
flask, equipped with a mercury sealed stirrer, dropping 
funnel and efficient reflux condenser fitted with a drying 
tube, was added slowly one mole (46 grams) absolute ethyl 
alcohol, the flask being immersed in an ice bath. After 
complete conversion to sodium ethoxide was effected (ice bath 
was removed in latter stages) , three moles (300 grams) of 
freshly distilled, inhibited methyl methacrylate were added. 
This was followed by one mole (5$ grams) of dry acetone, 
added dropwise with vigorous stirring. The reaction was 
allowed to proceed for twenty-four hours while in an ice 
bath. Incomplete conversion of sodium to alkoxide in 
some instances caused the reaction mixture to conglomerate 
into a reddish-brown lump making stirring impossible. This 
did not seem to adversely affect the reaction although caution 
must be exercised later when dissolving the material. The 
reaction mixture was poured into 300 grams of crushed ice and 
the phases separated. The ether phase was washed two times 
with 100 ml. portions of 2 molar sodium hydroxide and once with
the same amount of water. The combined aqueous phase was 
washed twice with 100 mis. cold ether, separated and acid­
ified with 100 mis. cold concentrated hydrochloric acid, 
liberating 125 mis. organic material. Extraction of the 
organic material remaining in the aqueous phase was made 
with ether. Following removal of ether under reduced pres­
sure, the extract and organic layer were combined and dried 
with anhydrous magnesium sulfate. Fractional distillation 
under vacuum yielded a fraction distilling between 35° and 
50°C. at 5 mm.Hg, composed of methacroylacetone and a small 
amount of methacrylic acid. The amount of methacrylic acid 
in this fraction is slight as the hydrolysis of the ester 
during washing procedures is-almost negligible.
In order to separate the diketone, an equal volume 
of absolute alcohol was added to the distillate and this 
solution was added to an excess of copper(II) acetate. The 
light blue chelate fell out and was filtered off. The copper 
chelate was recrystallized from absolute alcohol and dried 
at 56°C. under vacuum. The color of the purified chelate 
was deep blue. The yield of purified chelate was about 20 
per cent of the theoretical value. The melting point of 
the chelate was 167.0-167.5°C. Analysis of the compound gave 
the following composition:
# C 53.59 % H 5.74 # Cu 20.25 .
The theoretical composition based on the tetracoordinated 
compound Cu(CyH^02)2 53.65, 5.76 and 20.25 per cent,
respectively. The chelate could be sublimed at 154°C. under
i
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1 mm, Hg pressure. The sublimate melted at I63.5-164.0°C. 
Further mention of this point 'will be made later. The 
refractive indices of the chelate were 1.547 and 1.535.
Sulfuric acid (4M) was used to destroy the chelate, 
the liberated diketone being separated and dried with anhy­
drous magnesium sulfate. Product remaining in the aqueous 
phase was extracted with ether, the extractant removed under 
vacuum without heating and this portion combined with the 
originally separated diketone. Subsequent distillation at 
reduced pressure yielded the diketone in 15 per cent over­
all yield.
Preparation of this compound was also achieved 
through the use of commercial sodium methoxide and through 
the use of freshly prepared sodium amide. The order of ad­
dition of ketone and ester was reversed in condensations 
with the amide. The use of these condensing agents resulted 
in lower yields than with sodium ethoxide.
2. Preparation of Acroylacetone
Preparation of the corresponding acroylacetone, 
l-hexene-3,5-dione, was attempted by two methods: (a) con­
densation of methyl acrylate with acetone through the agency 
of sodium methoxide (commercial), sodium ethoxide and sodium 
amide (both freshly prepared) and (b) condensation of methyl 
vinyl ketone, l-butene-3-one, with methyl acetate, using the 
same condensing agents, in excess methyl acetate as solvent 
using the same procedure as for methacroylacetone. Pre­
cautions were taken in all cases to prevent polymerization
11
of starting materials and product. Only a slight and 
questionable reaction was obtained when a portion of the 
reaction mixture was tested via the ferric chloride test.
No product was isolated as free ̂ -diketone or copper chelate 
in any of the condensations. Variation in reactant ratio, 
rate of addition of reactants, and reaction time failed to 
yield the desired results.
3. Preparation of Methacroylacetophenone
Preparation of methacroylacetophenone, 2-methyl- 
6-phenyl-l-pentene-3,5-dione, was apparently achieved in 
good yield by the condensation of methyl methacrylate with 
acetophenone in the presence of sodium methoxide, sodium 
ethoxide or sodium amide. The compound was isolated as the 
copper chelate. However, the copper chelate was insoluble 
in all common recrystallization solvents and could not be 
decomposed in acid to yield the free diketone. Attempts 
to isolate the diketone from the organic layer by vacuum 
distillation, steam distillation, and reerystallization at 
0°C. failed to produce the desired results. The purification 
of the copper chelate by Soxhlet extraction and vacuum subli­
mation were ineffective. Metal analysis of the compound gave 
14.48$ Cu; the theoretical value is 14.51% based on the 
formula Cu( C12H12°2  ̂2* Melting point of the compound was 
190-192°C. Variation of reactant ratio, reaction time, and 
temperature (condensation was achieved at room temperature) 
produced the same results.
12
4. Preparation of Acroylacetophenone 
Preparation of the corresponding acroylacetophenone, 
6-phenyl-l-pentene-3,5-dione, by the condensation of methyl 
acrylate with acetophenone failed to take place with the 
three condensing agents used* Molar ratio of reactants and 
reaction time were varied without success.
5. Analytical Methods 
Metal analysis was performed by standard titrimetric 
procedures(24) following decomposition of the compound in 
concentrated sulfuric and nitric acids. Copper was deter­
mined iodometrically with thiosulf ate, "'using starch indi­
cator. Iron was determined by titration with dichromate, 
using diphenylamine indicator. Carbon-hydrogen analysis 
was by commercial laboratory.
6. Infrared Spectral Measurements 
The infrared spectra were recorded on the Perkin-. 
Elmer Model 21 recording spectrophotometer using NaCl prisms. 
Spectra of solid compounds were obtained using the KBr pellet 
technique or in solution if soluble in a suitable solvent. 
Liquids were run in carbon tetrachloride or chloroform 
solution in matched 0.5 mm. cells.
7. Spot Test Procedures 
Monomeric methacroylacetone, as a 10 per cent 
solution in absolute ethyl alcohol, was tested for effect­
iveness as a spot test reagent by standard procedures(10).
Test solutions were buffered to a pH of about 7.5 with sodium
13
acetate for the purpose of the tests. Successive sample 
dilutions were used to determine the sensitivity of the 
reagent. The test solutions were also observed under 
ultraviolet light. Tests were run on a black spot plate 
with those cations which ordinarily give white or lightly 
colored reaction products. Extraction of the reaction 
product was attempted with methyl isopropyl ketone and 
normal butyl alcohol.
S. Exchange Capacity of Polymethacroylacetone 
The exchange capacity of the methacroylacetone 
monomer was determined by equilibrating a portion of the 
polymer with an excess of buffered ferric nitrate solution 
at various pH values. The ferric-polymer complex was 
recovered by filtration, dried at 56°C. under vacuum and 
analyzed for metal content after decomposition in a 
sulfuric-nitric acid mixture.
9. Gas Chromatography 
The determination of the purity of the methacroyl­
acetone monomer was attempted by means of gas chromatography. 
The instrument used was the Barber Colman Model 20 employing 
a capillary column, flame ionization detector with argon 
carrier gas. The chromatographs were run at B0° , 150° 
and 1B0°C.
10. X-ray Diffraction Studies 
The x-ray diffraction studies were made on the
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Norelco x-ray diffraction instrument. Diffraction patterns 
of powdered samples, were recorded on a pen-and-ink recorder.
11. Density Determination 
The density of monomeric methacroylacetone was 
determined at 20°C. using the pycnometer method. The pro­
cedure followed was as given by Vogel(57).
12. Refractive Index Determinations 
The refractive index of methacroylacetone monomer 
was determined at 20°G. using the Abbe refractometer. The 
refractive indices of the copper chelate were determined by 
the standard procedure(15) of immersion of the crystals in 
liquids of known refractive index.
13. Melting Point and Polymer Melt Temperature Determinations 
Melting points of solid compounds were measured 
on the Fisher-Johns melting point block. The polymer melt 
temperature(47) was measured by noting the temperature at 
which a polymer sample in the form of a powder became molten 
and left a trail when moved across the surface of a cover 
glass on the melting point block with a spatula. The temp­
erature was raised beyong this point to determine the point 
at which visual observation of decomposition could be 
noted.
14. Polymerization Techniques 
The polymerization of methacroylacetone was 
carried out in bulk at 70°C. using 1 per cent benzoyl
15
peroxide as the initiator over a period of 24 hours. A 
weighed quantity of the monomer and initiator was placed 
in a constricted Pyrex tube and flushed with dry nitrogen
before sealing. Failure to flush the tube with nitrogen 
resulted in the formation of a brittle, transparent yellow 
polymeric material of undetermined composition. The white 
polymer obtained was ground to a fine white powder, washed 
twice with ether, in which the polymer is insoluble, and 
dried at 80°C. under vacuum. Due to the insolubility of 
the polymer in common organic solvents, further purification 
was not attempted. The polymer was soluble in N, N-dimethyl- 
formamide, sodium hydroxide solution and sulfuric acid, 
producing viscous solutions in each solvent.
Polymerization was also achieved in benzene 
solution using 1 per cent peroxide initiator under a 
nitrogen atmosphere. A fluid white powder was obtained by 
filtration of the solution after 24 hours. The polymer­
ization was SO per cent complete at the end of this period.
The monomer was successfully copolymerized with 
styrene(b.p. 40°C./15 mm. Hg) and divinylbenzene(b.p. l+S°C./
1.2 mm. Hg) in benzene solution. Pale yellow polymers were 
obtained in each case by filtration. The methacroylacetone- 
styrene copolymer was separated from polystyrene by 
dissolution in sodium hydroxide solution, filtration and acid 
ification of the filtrate.
Attempts were made to polymerize the methacroyl­
acetone monomer in the form of beads using suspension poly-
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merization techniques!13, 54, 61). Under conditions'in 
which methyl methacrylate or styrene produced small clear 
or opaque beads, only a yellow gummy residue was obtained 
with the diketone. Similar results were obtained in the 
attempted bead copolymerizations with styrene or methyl 
methacrylate. The polymerizations were attempted at S0° 
and 100°C., using starch or methyl cellulose as the sus­
pension stabilizer with a peroxide initiator.
As the copper chelate of methacroylacetone was 
found to be soluble in styrene and methyl methacrylate to 
the extent of about 3 per cent, the bulk copolymerization 
of styrene and the chelate was attempted at $0°C. using 
peroxide initiator. No evidence of reaction was observed 
after 72 hours, either of the mixture or of the styrene. 
Suspension copolymerization of the chelate and methyl 
methacrylate likewise failed to yield the desired copolymer.
15. Molecular .Weight Determination
The molecular weight of bulk polymerized meth­
acroylacetone was determined by light scattering techniques 
on solutions in N, N-dimethylformamide(51)• The instrument 
used was the Aminco absolute light scattering photometer. 
Differential refractive index data at 25±0.01 °C. and light 
scattering measurements were made at wavelengths of 436 
and 546 millimicrons.
RESULTS AND DISCUSSION
1. Analytical Value of Methacroylacetone 
Monomeric methacroylacetone was found to be a 
reasonable sensitive, selective spot test reagent capable 
of detecting microgram quantities of several cations. Table 
I lists the ions detected by the reagent, the color of the 
reaction product, the amount of the ion which can be detected 
in 0.1 ml., and the extractant found most suitable. It is 
noted from the table that the ions detected with the great­
est sensitivity are those which form highly colored reaction 
products. It is probable that the detection of Au(III) 
and Hg(I) is based on the reduction of the metal ion at the 
expense of the double bond of the reagent. A similar 
reaction was noted with furoyltrifluoroacetone, but did 
not occur with acetylacetone.
The sensitivity of the reaction was noted to 
depend on the temperature of the reagent solution. In 
order to' prevent the decomposition and/or polymerization 
of the reagent it was initially kept in an ice bath when 
used. When allowed to come to room temperature before use 
as the spot test reagent, sensitivity was found to increase 
by a factor of about 10 in most cases. Exposure to room 
temperature for periods of several hours on various 
occasions did not affect the sensitivity and no apparent 
decomposition occurred. For longer periods of storage it 
was found advisable to keep the reagent under refrigeration.
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a in absence of acetate
b sensitivity greater than 50 Y/ 0.1 ml
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structurally similar acetylacetone for most ions, possessing 
in addition the ability to reduce gold and univalent mercury, 
The fact that reaction was not observed for many of the ions 
can be explained by the assumption that the stabilization 
of the ligand by coordination with certain metal ions is 
less than the stability afforded the molecule by the in-line 
conjugation of the double bonds of the enol form of the 
diketone:
H
CH0 OH 0 CH r
1 3 1 “ M+n/n I 3 yf-CH,=C —  C = CH - C-CH_ — ji CH0=C —  C - CH0 .c. 3 •<---------  ̂ i “ 30 v 0
M/n
Such an assumption is in agreement with thermal stability 
data for the polymer and metal chelates of the polymer. 
Little or no enhancement of thermal stability was attained 
by coordination. The acidity-of the enolic hydroxyl group 
should also be a factor in determining in which cases 
reaction will be observed.
Polymeric methacroylacetone was found to be a 
much less sensitive reagent than the monomer. The com­
pound reacted readily with copper(II) and uranyl ions and 
slowly with iron(III). The polymer turned deep red on 
prolonged contact with ferric ion solution. A clear cut 
distinction of reaction could not be defined in all cases 
due to the insolubility of the polymer in aqueous solution.
2. Ion-exchange Ability of Polymethacroylacetone 
Polymethacroylacetone was found to react in a
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fashion similar to carboxylic acid ion-exchange materials 
(27, 2$). The material was limited in its applicability 
due to solubilization at high pH values.
Exchange of ferric ions was found to be a function 
of the pH of the metal solution. The following amounts 
of iron were taken up at the indicated pH:




The variation of material taken up at various pH values 
is a typical characteristic of ion-exchangers of the 
carboxylic acid type(6). Generally a plateau is reached 
as the effective capacity of the resin is attained, this, 
however, not being a flat region: the change of the exchange 
capacity of the organic exchanger is less for a given 
change in pH(27)
Efforts to quantitatively remove the iron from 
the polymer were only partially successful. For example, 
at pH 6.0 removal of 6.03 milliequivalents of iron per 
gram of organic compound was achieved on treatment of the 
iron-polymer complex with 1:3 hydrochloric acid. The poly­
mer retained a pale pink color indicating incomplete 
removal. Similar results were obtained with iron-polymer 
complexes at lower pH values.
3. Cis-trans Isomerism of Copper(II) Methacroylacetone 
Planar chelates of monomeric methacroylacetone
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should be capable of existing in cis and trans forms since 
the diketone is unsymmetrieal. Chelates of copper(II) are
generally considered to exist in the planar form(29) and 
would fulfill the above requirement.
point of copper(II) methacroylacetone depended on the method 
of purification of the compound. Recrystallized material 
was found to melt at 16?.0-167.5°C• This is in agreement 
with the literature value(52). However, sublimation at 154°C. 
under vacuum yielded a product melting at 163.5-164.0°C.
Such an observation can be explained in a variety of ways:
(a) the compound decomposes and is contaminated by impur­
ities, (b) the compound exists in two different crystalline - 
modifications, (c) the compound was transformed into a new 
compound by ligand decomposition or rearrangement, or (d) 
the compound exists in cis and trans forms.
visual observation of change in color or form. Furthermore 
the melting point variation was found to be completely
trans form cis form
It was observed in this study that the melting
Explanation (a) is dismissed as the compound could 
be.maintained at about 154°C. for a considerable period without
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reversible* Recrystallized sublimate was found to have 
the higher melting point and could be re sublimed. The
Cu(MA) (recrystallized) ^sublime Cu(MA)2(sublimed) 
m. p. 167°C. recrystallize m> p< l64oc>
melting point of vacuum sublimed chelate and of material 
collected on a cover glass above the melting point block 
were found to be in agreement. The stability of the com­
pound toward sublimation is not unique; other metal chelates 
can be purified by sublimation(55). Metal analysis of the 
sublimed material agreed with theoretical within experimental 
error: found 20.20^ Cu, theoretical 20.255̂  Cu.
That the compound does or does not exist in two 
different crystalline modifications could not be determined 
unequivocally. Microscopic examination of crystals of each 
showed the compound to be in the form of dendritic or spher- 
ulitic crystals(59). The crystals were highly birefringent 
as would be expected from the crystalline packing of planar 
molecules(29). Refractive indices of both forms were in 
agreement within experimental error. X-ray diffraction 
patterns of powder samples of the two forms were definitely 
different. These are shown in Figure 1. Rigid inter­
pretation of the patterns was not attempted.
Infrared spectra of samples of (a) recrystallized 
chelate, (b) vacuum sublimed chelate and (c) chelate obtained 
by atmospheric sublimation at (or near) the melting point 
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FIGURE 1 X-ray Diffraction Patterns for Copper(II) Methacroylacetone
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intensities of the absorption bands were also in agreement. 
Small shifts in some bands (1 0.02 millimicrons) were 
accorded to instrument and operator variations. The 
spectra of recrystallized copper(II) methacroylacetone is 
shown in Figure 2. The spectra indicate that the trans­
formation to another compound did not take place under 
the stated experimental conditions.
Two other physical observations seem germane. The 
colors of the sublimed and recrystallized material were 
different, if only in degree, when both were in the same 
physical form. Ground samples of recrystallized material 
were deep blue; those of sublimed material were light blue.
It was also observed that the resublimation was achieved 
with greater ease than the sublimation of the recrystallized 
chelate. Re sublimation was found to be quantitative and 
the resublimed material had the same (lower) melting point.
Though the evidence presented strongly suggests 
the existence of cis-trans isomers as the most plausible 
answer to the difference in melting points of the chelate, 
this cannot be considered an unequivocal solution to the 
problem. Infrared spectral measurements beyong the sodium 
chloride region, nuclear magnetic resonance studies, magnetic 
susceptibility measurements, dipole moment measurments, 
and other observations would be valuable in arriving at a 
definite conclusion. The problem is somewhat complicated 
by the fact that the sublimed material apparently reverts 
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trans form would be expected to be the more stable form 
from a consideration of the mutual repulsion of like 
polar groups, except when the cis form is dictated by a 
bridging structure(30).
4. Properties of Methacroylacetone Monomer
Monomeric methacroylacetone is a clear, colorless 
liquid having a refractive index of 1.4^67 and a density 
of 0.9926 grams per cubic centimeter at 20°C. The compound 
decomposes slowly at room temperature to a yellow material 
of undetermined composition. Although the density and 
refractive index are not in agreement with the only other 
report(9) of these values, agreement between analysis and 
the molar refractivity indicate the compound to be the 
monomer. Infrared spectra of the compound agree with that 
expected for this compound(60) and were entirely repro­
ducible with material from different preparations of the 
compound. The refractive index of the compound was also 
in agreement in different preparations within experi­
mental error.
Attempts to determine the boiling point of the 
monomer vis the micro method(45) were inconclusive due to 
the decomposition of the monomer at elevated temperatures. 
The range obtained by this method was 140-155°C. An approx­
imate value of the boiling point was obtained by the com­
bination of the distillation temperatures and pressures into 
a log pressure versus reciprocal temperature plot. Temper­
ature -pres sure data collected during the course of this
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■work were combined with previously reported data in good 
agreement(9, 52). Extrapolation of the plot to standard 
pressure gave a boiling point of 149°C. This is com­
parable to the boiling point of 134-136°C. for the 
structurally similar acetylacetone(56). Temperature- 
pressure data are given in Table II and is shown graph­
ically in Figure 3. While such an extrapolation introduces 
a certain amount of error, the graph is based on sharp 
distillation temperatures as a steady pressure. These 
were reproducible within experimental error.
The monomer is stable at -10°C. and can be 
stored for several months without deterioration or poly­
merization as evidenced by the constancy of the refractive 
index.
5. Molar Refractivity of Methacroylacetone 
Methacroylacetone monomer can exist in one of 
the following forms or an equilibrium mixture of two or 
three of the forms:
I. CH0=C C —  CH —  C - CH.
£ 1 v 2 it 3CH^ 0 0
II. CH9=C  C CH =  C - CH
A h  "3
II 1 30 OH
III. CH0=C  C —  CH —  C - CH0 .
2 1 I il 3 *CH3 OH 0
Because of this possibility it is not possible to assign a 
calculated value of the molar refractivity to the compound
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TABLE II





log p 10 3/T Reference
37 1.50 0.176 3.225 (a)
42 2.42 O.384 3.175 (a)
45 3.10 0.491 3.145 (a)
51 5.0 0.699 3.086 (9)
70
no 17.0 1.230 2.9159 (52)
(a) this work
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with unequivocal certainty. However, it is probable that 
the compound exists at least partially in the enol form 
as evidenced by its strong reaction with ferric ion. Of 
the two possible enol forms, structure III would be pre­
ferred due to conjugation of the double bonds, this leading 
to an increased stability due to resonance or delocalization 
energy.
The observed molar refractivity was found to be 
36.53 cubic centimeters per mole, using the values 
n{~° = 1.4867
d ^  = 0.9926 grams/cm.^4
M = 126.15 grams/mole
in the Lorenz-Lorentz equation
[RjD = M In^ll _
d (n2+2)
Using the values of bond refractions from Vogel(58), the 
values calculated for structures I, II, and III are 34.22, 
35.19, and 35.36 cubic centimeters per mole, respectively. 
The difference between the calculated and observed molar 
refractivity, observed) calculated) , then is
between 1.2 and 2.3 units, assuming structures I and III. 
Such a difference is reasonable and has been attributed 
to "exaltation” due to conjugation of the double bonds(4). 
Such agreement was taken as evidence for the acceptance 
of the structural formulae proposed.
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6. Molecular Weight of Polymer 
The molecular -weight of bulk polymerized 
methacroylacetone was found to be 70,000, corresponding 
to a degree of polymerization of 555 units. The deter­
mination was made by light scattering techniques.
Polymerization of this compound at S0°C. was 
found(52) to give a polymer of molecular weight 26,900 
and a degree of polymerization of 235* The molecular 
weight was determined by osmometry. The higher value 
found in this work is ascribable to two facts: (a) lower 
temperature of polymerization and (b) different method of 
molecular weight determination. A decrease in temperature 
in known to affect the rate of polymerization and hence 
the degree of polymerization in free-radical induced poly­
merizations. At lower temperatures the kinetics of free 
radical formation is reduced and higher molecular weight 
polymers result(12). The molecular weight determined by 
light scattering is the weight-average molecular weight 
and is always larger than the number-average obtained by 
osmometry(14). This is due to the fact that larger poly­
mer molecules make a greater contribution to light 
scattering, whereas osmometry is based on the colligative 
properties of the solution and depends only on the number 
of molecules. The disparity between molecular weights of 
a given sample as determined by the two methods can be
quite large(14)«
The increase in molecular weight also affected
i
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other properties of the polymer. Solubility in organic
solvents was greatly reduced as might be expected(S).
Data and graphs used in the molecular weight determination 
are given in Tables III and IV and in Figures 5 and 6.
of bulk and solution polymerized methacroylacetone indicated 
the material to be at least semi-crystalline. Several 
distinct peaks superimposed on a large band between 12 and 
20 degrees (in terms of 20) were observed and an elevated 
base line was noted throughout the pattern.
which have (a) little or no random chain branching or cross- 
linking, (b) regularity and symmetry of structure along the 
backbone of the chain, and (c) polar or highly bonding 
groups(46). According to these criteria crystallinity 
in this polymer is not surprising. The attack of the 
monomer by peroxide (free-radical) initiator and the free- 
radical mechanism of polymerization could proceed by either 
or both of the following schemes(13):
7. Polymer Crystallinity 
The x-ray diffraction patterns of powdered samples
Crystallinity is a phenomenon observed in polymers






Differential Refractive Index - Concentration Data
for the system 
Polymethacroylacetone in N, N-Dimethylformamide
at 25° C.
Concentration, Differential Refractive Index
grams/ml. x 10^ 436 mu 546 mu
0.5615 0.6395 x 10~3 0.6232 x 10“3





Light, Scattering Measurements 
for the system 
Polymethacroylacetone in N , N-Dimethylformamide
A  = 436 ny& K .= 2.247 x 10"7
Concentration, moa m90 % ^ o C T? d 90 Kc/R9Q
grams/ml. x 102 x 102 X 103 x 106 x 105
0.00 2.84 6.0 - - -
0.75 41.8 45.5 8.4 95.8 1.759
1.50 21.18 34.7 14.3 162.8 2.071
3.01 1.65 39.3 21.7 247.0 2.737
*II K = 8.830
-00101—1 X
0.00 42.0 1.30 - - -
0.75 41.8 4.55 0.779 24.25 2.73
1.50 41.8 6.10 1.15 35.81 3.70
3.01 41.2 6.50 1.267 39.45 6.71
cl ClmQ is the photometer reading at angle 0 = 0  
b m^o is the photometer reading at angle 0 = 90°
0 "90^0 “ («^o/“o)solution ' (m90/ V  solvent
d Rqq = A(Mq0/Mo), where A is a combination of 
^ instrument constants
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for the system 
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where ^ is the initiator residue. The relative rates of 
the two alternative processes will depend on two facts:
(a) the relative stabilities of adducts I and II, and (b) 
the steric hindrance to the approaching radical offered 
by the substituents on the vinyl double bond(13). Due to 
the resonance stabilization by conjugation of the enol 
double bond in free-radical adduct I, this form is probably 
formed1 to the virtual exclusion of adduct II. Likewise 
adduct I is favored from steric considerations; attack of 
the initiator at the disubstituted carbon atom should be
prevented by the size and polar nature of the substituents.
Since both stability and steric considerations favor the 
formation of adduct I, successive addition of molecules 
should result in the formation of a polymer chain bearing 
substituents on alternate carbon atoms:
CPU CPL Chi’
I 3 I 3 I 3
- CH0 - C - CH - C - 0Ho - C - ... ,2 | 2 | 2 |
R R R
where R is the diketone group. Such a structure is referred 
to as the head-to-tail or 1,3-structure.
Crystallinity criterion (c) regarding the polar 
or highly bonding groups is satisfied quite well by the 
diketone group. However, since there may exist more than 
a little cross-linking as evidenced by the insolubility 
of the polymer in common polymer solvents, the crystallinity 
is only partial.
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S. Thermal Stability of Polymers
The melting(softening) points of the polymers 
and their stability toward heating were found to be rather 
low. Gradual softening and subsequent decomposition of 
the polymers occurred in a temperature range around 200°C. 
Cooling the polymer and re-melting resulted in a lower 
softening point in all cases where visual observation of 
decomposition was not apparent.
The polymeric methacroylacetone softened at 
190-195°C., decomposing to a yellow-orange rubbery mass. 
Decomposition was apparently complete by 224-230°C. as 
further color change beyond this point was slight. The 
copper complex of the polymer exhibited a color change 
also at 190°C., decomposing to a green-brown solid at 
220-230°C. and to a brown solid at 240°C. Copper content 
of the polymeric chelate was 19.4/* or 96% of the 
theoretical value for the 2:1 ligand-metal ratio.
The copolymer of methacroylacetone and styrene 
softened at 230-235°C. with decomposition to an orange 
rubbery mass quite similar to the homopolymer. Coordination 
with copper yielded a compound decomposing above 24£°C. 
without melting. The iron complex of the polymer softened 
at 215-220°C. to a dark red gum. Metal content of the 
polymers was found to be 12.39% Cu and 7.62% Fe. Assuming 
random distribution of diketone groups along the polymer 
chain and adherence to statistical behaviour(11), the 
maximum metal content would be 15.2% Cu and 9.3 % Fe.
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The copolymer of methacroylacetone and divinyl- 
benzene softened at 2lO-2l$°C. with decomposition. The 
copper chelate of this polymer exhibited a color change 
at about 220-222°C. and decomposed to a brown solid by 
240o(-'* without melting. The metal content of the polymer 
was 13.56% Cu; the maximum content would be about 20% Cu.
From the similarity in the softening temperatures 
and the decomposition characteristics of the homo- and 
copolymers and the metal chelates of the polymers, it appears 
that the stability of the compounds is governed by the 
ligand stability and no stabilization is achieved through 
coordination. The weakest point in these polymers probably 
exists in the # -diketone addendum and the decompsition 
presumably begins either in the enolate double bond or 
in the chelate ring. The nature of the substituents on 
a linear carbon chain and the bonding forces of the sub­
stituent groups are two of several factors which determine 
the nature of the thermal degradation products of 
polymers(34)• Thus, in the degradation of polyvinyl chloride 
and polyacrylonitrile, HC1 and HCN are formed more readily 
than rupture of the carbon-to-carbon bonds in the polymer 
backbone. No attempt was made in this study to determine 
the exact nature of the decomposition products. Infrared 
spectra of polymethacroylacetone and the copolymer of 
styrene and methacroylacetone which had been heated to the 
decomposition stage (220° and 235°C., respectively) 
exhibited broad absorption bands at approximately the same
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wavelengths as the unheated polymers, but, due to their 
lack of sharpness, were of little value. Hydrolysis of 
a 1,3-polyketone formed by the oxidation of polyvinyl 
alcohol yielded acetic acid and acetone as products(33)• 
Pyrolysis of a 1,5-polydiketone has been shown(34) to 
proceed to the formation of a chain containing the sub­
stituted cyclohexenone ring. As polymethacroylacetone is 
of almost identical form, degradation could proceed via 
the reaction:
H2





1 3C - CH_ - C -
1 2 1C-0 C-0
1 1CH0 CH*
1 2 1 2
C=0 o n o
/ 1CH_ CH3 3
-H?° ✓ C*°2 CH,
I 2 ,C=0 II c=o
CH, I3 CH 3
Further degradation could lead to an additional loss of 
water as a result of the reaction between the substituents 
on the cyclohexenone ring, resulting in the formation of
H 2 CH, __-
CH3^ / ĉ CH2(T CT CH,
II II I 2
0^ _ / G-VC C CH,•i it J0 0
Such products could result only from the controlled 
dehydration of the polymer; other degradative reactions 
are most likely operative in the melting of the polymer.
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While the purpose of this study was not to determine 
the degradation reactions or products obtained from the 
polymers, the preceding discussion does illustrate at 
least one of the mechanisms which could be operative in 
the decomposition of the polymers.
9. Suggestions for Further Work
In view of the possibility of cis-trans isomerism 
of the copper(II) methacroylacetone as strongly suggested 
by the evidence presented, further measurements of physical 
properties of this compound could definitely resolve the 
problem. The problem is complicated by the apparent reversion 
of the sublimate to the higher melting form in solution.
Coordination with many of the transition elements 
to form solid chelates is a general property of /3-diketones.
In this study attempts to form chelates of beryllium, 
aluminum, nickel, cobalt, iron, and manganese under varied 
solution conditions failed to yield the desired chelates 
even when the pH of the cation solution was raised to the 
point where the hydrous oxides of these metals formed. 
Determination of the conditions under which metal chelates 
of the monomer could be formed would be valuable in the 
further characterization of the monomer.
While the results of this study indicate the 
nonpolymerizability of copper(II) methacroylacetone either 
in homo- or copolymerization, such work was by no means 
exhaustive and the possibility of copolymerization is not
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ruled out. Variation of the comonomer, initiator, and 
the polymerization temperature may well result in the 
desired copolymer.
In that methacroylacetophenone would contain a 
pi-cloud which would result in the stabilization of this 
monomer and possibly its polymers(31), further attempts 
at the preparation of this compound are suggested. The 
compound could possibly be synthesized by the dehydration 
or dehalogenation of a diketone of the form
x -  ch 2  -  ch -  co -  ch 2  -  co - c 6 h 5  
ch3
where X is hydroxyl or halogen.
Condensation polymers could also be considered. 
Preparation of diketo-cC,ar-dicarboxylic acids has been 
reported(20). These on condensation with diammines 
yielded linear polyamides. Preparation of a compound such 
as 2,4-pentanedione-l,5-dicarboxylic acid could result 
in the formation of polyamides or polyesters of analytical 
value or possessing good thermal stability.
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